ABSTRACT Start-up lost time is the time lost in the starting of the green time interval when a traffic signal phase changes from red to green and previously stopped vehicles in the curb line queue need time to accelerate to the desired speed. Actual traffic data analytics from newly installed loop coil detectors at all approaching upstream road segments of major intersections on Sathorn Road in Bangkok, Thailand, are used to confirm that the vehicle flow is obstructed considerably by the large start-up lost time. In this paper, the effect of a large start-up lost time is evaluated in terms of the travel time of passenger cars in a calibrated microscopic traffic simulation. The evaluation is based on the simulation of the urban mobility platform, while the traffic signal lights at major intersections are based on the standard Synchro optimization software. By the simulation, the average travel time per vehicle increases from 4% to 37% when the start-up lost time is varied from a baseline value of 1 s to the maximum value of 15 s, which potentially occurred in the actual traffic data collection in this paper. In addition, the optimal traffic signal green phase lengths increase from 2% to 42%, depending on the volume-to-capacity ratio. The similar increasing trend of optimal green time and average travel time per vehicle is observed using theoretical analysis based on M/M/1 and D/D/1 queues to support the results from Synchro. Findings of this paper are beneficial for understanding the impact of start-up lost time at signalized intersections.
I. INTRODUCTION
Based on a 2016 traffic index report [1] , drivers have spent 57% extra travel time on average in Bangkok, the capital city of Thailand. In addition, as per a World Business Council for Sustainable Development (WBCSD) report [2] , 150,000 vehicles drive every day on Sathorn Road, Bangkok, and this road is one of the most congested roads in the city. Sathorn Road is the entrance for commuters from their residential areas into the main working area of Bangkok City. Therefore, heavy traffic is usually observed in the morning (6:00 to 9:00) and evening (15:00 to 19:00) peak-hour durations. To handle such congestion levels, especially with the increasing trend of traffic flow rate, WBCSD initiated the ''Sustainable Mobility Project 2.0''. Under the initiative, the Sathorn Model Project [3] commenced for demand controls and traffic management experiments on Sathorn Road (Fig. 1) . Over the 2015-2017 Sathorn Model Project periods, a plethora of work has been done, such as a park-and-ride scheme, flexible working time arrangement in offices, bus stop relocation, prohibited roadside parking in the area too near to critical intersections and a systematic child drop-off scheme at school entrances.
Furthermore, in the Sathorn Model Project, unlike big cities in other developed countries, there is an additional challenge that must be overcome. The study on human settlements by Tulyasuwan [4] reported that in Bangkok, there are 6.3 million vehicles and 2.4 million motorcycles, with a motorcycle growth rate as high as 190 thousand per year. Given such a high percentage of motorcycles on the road, it is inappropriate to neglect the resultant congestion increase due to motorcycles. Regarding traffic signal light optimization, the start-up lost time is the time lost at the beginning of the green time interval before the main flow of accelerating cars reaches their saturation flow rate. Motorcycles ride between accelerating vehicles, so a motorcycle presence can potentially affect the start-up lost time value. Researchers are required to quantify such impacts, as investigated in this paper.
In the past, researchers have proposed techniques to analyze the impact of conditions with mixed traffic types upon start-up lost time, saturation flow rate and headway, which are the knowledge basics for traffic signal optimization. In [5] , the number of motorcycles is shown to be linearly proportional to the start-up lost time. Data have been collected from two intersections in Bangkok, namely, the Prachanukul and Chan-Nontri intersections. The data have been extracted from video recordings for various parameters including the discharge headway of passenger cars and motorcycles and the number of motorcycles in the waiting queue at the green phase starting times. Based on the reported statistical tests, when the number of stopping motorcycles at the curb line increases from 5 to 25 per lane, the start-up lost time increases from 4 to 10 secs. Also in [6] , researchers studied the effect of motorcycles on the saturation flow rate in Ghana with high volume of motorcycles in comparison with cars and buses. The saturation flow rate of mixed traffic (cars, buses, tricycles and motorcycles) was analyzed for three intersections in Ghana. It was found that the saturation flow rate at an intersection is proportional to the number of motorcycles at that intersection. Moreover, in [7] , researchers analyzed, for a right-hand driving network, the impact of lost time due to opposing left-turn vehicles per cycle. The reported results show that the increasing number of opposing vehicles per cycle from 1 to 20 increases the total lost time per cycle from 4 to 34 secs. It shows that the start-up lost time is dependent on not only the number of motorcycles but also on the leftturn vehicles.
Researchers also considered the impact of countdown timers and car headway upon the start-up lost time.
In [8] , the start-up lost time of through movements at the major intersections in Bangkok compared with and without countdown timers. The reported start-up lost time value using countdown timers is reduced by 22% (from 8.32 to 6.53 secs) during off-peak duration (10:00-15:00) by 17% (from 5.92 to 4.92 secs) during the night (20:00-22:00), and by 32% (from 5.95 to 4.03 secs) during the late night (22:00-02:00). The researchers used the two-signal cycle length fixed at 230 secs during the off-peak and night durations and 150 secs during the late-night duration. In [9] , the effect of motorcycles evaluated at two signalized intersections in Hanoi and Bangkok cities comparatively. The results show that the car headway increases from 2.0 to 5.0 secs, and the start-up lost time increases from 3.2 to 7.0 secs with the increasing number of motorcycles from 1 to 6 at the Tayson-Chuaboc intersection in Hanoi. Likewise, the car headway increases from 2 to 5.8 secs and the start-up lost time increases from 3.0 to 6.2 secs by the increasing number of motorcycles from 1 to 6 at the Siam square intersection in Bangkok.
In addition, researchers calibrated the saturation flow rate and the start-up lost time with respect to the queue length at Nanjing intersection in China [10] . They found that the saturation flow rate (vehicle/hr/lane) increases from 951 to 1784 by increasing the number of vehicles waiting in the queue and ready for the green signal light from 2 to 20. They explained that the method theoretically can be used to calculate the startup lost time based on the measurable vehicle headways.
The aforementioned studies have confirmed that the startup lost time as well as saturation flow rate can be effected by various factors such as the vehicle type mixture, the number of vehicles in an opposing direction to the main flow, the queue length, and count-down timers, as well as known factors such as turning movement and road geometry. The start-up lost time depends on the driving behaviors of people, and all of these factor combinations generally differ from one city or country to another. The past studies reporting their results based on the actual traffic data collection and statistics are considered as significant contributions. However, within the framework set forth by this research on traffic signal light optimization, the investigation scope of the current literature is still limited. Particularly, the available research has focused on only the traffic signal light scenario of fixed time policies that have actually been observed during their corresponding data collection. As a result, those policies resort to nonoptimal signal settings usually found in practice. For oversaturated traffic conditions occurring in the Sathorn area, for example, it is worth investigating how conditions can be further improved by traffic signal optimality.
This paper is concerned with the problem of traffic signal optimization by analyzing the impacts of potentially large start-up lost time. In addition to the elaborated manual traffic data collections, in the Sathorn Model Project, 19 loop coil detectors and 4 thermal cameras sensors were installed at major critical road segments on Sathorn Road. Based on a large amount of automatic sensor data over a 245-day 6328 VOLUME 6, 2018 period, statistical analytics software was developed to extract the practical start-up lost time values, which notably range from 1 to 26 secs. Synchro optimization software (Synchro Studio 9), as a standard signal optimization engine developed by Trafficware's engineers in United States [11] , was chosen to determine the signal optimality sensitivity over the practically quantified start-up lost time range. In addition, a theoretical steady-state analysis based on M/M/1 and D/D/1 queues is used to evaluate the optimal splits for minimum total mean waiting time of a network to support the results from Synchro. Finally, both the actual traffic volumes and the optimal traffic signal settings from Synchro, M/M/1 and D/D/1 were used in a priori calibrated microscopic simulator based on the open-source simulation of urban mobility (SUMO-0.25.0) software [12] . The calibrated simulation result was used to quantify the impact of increasing start-up lost time in terms of vehicle travel time degradation, which can play a vital role in ongoing works on effective intersection capacity improvement in the Sathorn Model Project.
The remainder of this paper is organized as follows. Section II describes the data collection and analytics for the range of start-up lost time from sensors. Section III elaborates on the Synchro signal optimization process by the increasing start-up lost time and outputs. In addition, the optimal splits from M/M/1 and D/D/1 queuing analysis are compared with Synchro outputs to confirm the impact of the increasing startup lost time on green time. Section IV analyzes the impact of start-up lost time on travel time per vehicle using traffic simulation. Finally, Section V offers concluding remarks and suggestions for future work.
II. SENSOR DATA AND ANALYTICS
Data collection from newly installed sensors and analytics to find the start-up lost time range are essential steps for analyzing the impact of start-up lost time on Sathorn Road. The data from sensors and analytical outputs are used in traffic signal optimization and traffic simulations to determine the deterioration in travel time. This section explains the demand volume per hour in each direction of the major intersections on Sathorn Road, the traffic patterns typically used by traffic police and an analytical method to find the range of start-up lost time using the sensor data.
A. PHASE PATTERNS AND DEMAND TRAFFIC VOLUME
Phase patterns, demand traffic volume per hour and other significant parameters are used as inputs to the Synchro optimization and SUMO traffic simulator to calculate the optimal traffic signal and travel time, respectively. Traffic police control the traffic by managing the traffic light duration to ensure the smooth traffic movements at signalized intersections. The traffic signal phase patterns typically used by the traffic police on Sathorn Road are given in Fig traffic volume per hour are obtained from the loop coil detectors installed on Sathorn Road. These sensors count the number of vehicles across the curb line every 5 secs interval per lane. The demand volume per hour is calculated manually by including the queue length estimation for optimization and traffic simulation at three major intersections, as given in Tables 1, 2 and 3. Moreover, this research analysis is based on the off-peak times from 15:00 to 19:00. Four time intervals per hour are used to investigate the impact of start-up lost time.
B. START-UP LOST TIME ANALYTICS USING ACTUAL TRAFFIC
The sensor data are extracted and analyzed for estimating queue length, traffic signal timing and traffic volume. The time-history graph using example data from the loop coil detector is given in Fig. 4 . The occupancy and number of vehicles across the curb line on Sathorn Road are obtained from sensors. The occupancy percentage value of 100 indicates that the vehicles do not move due to congestion or a red light signal and the traffic volume shows the number of vehicles across the curb line in 5-sec intervals.
The traffic volume becomes zero during the 100-percentage value of occupancy as shown in Fig. 4 . The bulk data files of the same format are used to determine the start-up lost time by applying the logics and program codes. In the time interval 15:00-19:00, commuters move from working areas on Sathorn Road to residential areas. For this reason, the huge traffic volume is observed in the west-bound direction from Sathorn Tai Road at the Surasak intersection. The right turn movements also effect the startup lost time; therefore, the lane detector numbers 62, 63, 32, and 33 and 11, 12, 13, and 14 are considered to evaluate the start-up lost time for right turns and the straight direction, respectively, as shown in Fig. 3 . In Fig. 5 , usually an s-curve shape is observed [13] between accumulated vehicles in the time interval [0, t] and the progressing green time t. The linear regression lines for the values near half of the slope of the s-curve graph are drawn, and the start-up lost time is calculated for every green signal time from the sensor data. An example of the regression analysis is given in Fig. 7 for the extracted data on 27-05-2016 from lane detector number 32. From the linear regression line equations, the start-up lost time is calculated for the green phase durations as follows, through lanes. The minimum to maximum range of the startup lost time, standard deviation and mean of histograms are given in Table 4 . The maximum start-up lost time is found to be 26 secs. For the right turn lane-(62, 63), (32, 33) and through lane, the mean start-up lost time are found 6.92, 6.83 and 6 secs, respectively. However, the large standard deviation shows that the obtained data are farther away from the mean. 1-85% of the obtained data in histograms are ranged widely from 1 to 15 secs of start-up lost time. In this research, the start-up lost time range was chosen from 1 sec to the maximum 15 secs, found potentially occurring based on the actual data analytics.
III. TRAFFIC SIGNAL OPTIMIZATION A. SYNCHRO OPTIMIZATION ANALYTICS AND SETTINGS
The data extracted from the sensors as discussed in Section II are used to evaluate the optimal values of cycle length and green time when increasing the start-up lost time. Plenty of optimization tools and algorithms are available such as the split-cycle offset optimization technique (SCOOT), VISSIM-based genetic algorithm optimization of signal timings (VISGAOST) and Synchro. In [14] , these optimization tools were compared, and a slight difference was found in terms of intersection delay. In addition, the latest version of Synchro-9 allows users to represent the incoming traffic demand with the 90th, 70th, 50th, 30th, and 10 th percentile scenarios. The traffic does not arrive at the intersection uniformly, so the traffic volume per signal cycle varies. If traffic volume of a lane group in a phase is analyzed for 20 cycles in one hour, the 90 th percentile cycle would be the 18 th busiest cycle among 20 cycles. Synchro tries to assign the green time per phase, which satisfies the overcapacity condition of a lane group by considering the traffic volume of the 90 th percentile cycle on priority in comparison to the other percentile cycles [11] .
The Synchro optimization tool applies the methods used in the Highway Capacity Manual 2000 and 2010 for calculating the optimal cycle length and green time at signalized intersections [13] , [15] . For calculating the optimal cycle length and green time, Synchro considers the critical demand traffic volume and total lost time of a lane group per phase for N number of phases in one cycle length. The lane group is the set of lanes of shared capacity. In Fig. 8 , there are two lanes in a lane group for straight direction. v 1,j and v 2,j are the demand traffic volumes of different lane groups in signal phase j.
The maximum difference between v 1,j and v 2,j will be the critical demand traffic volume of a lane group, and only one critical lane volume will exist in a phase. The lane group with critical demand traffic volume is called the critical lane group.
In Synchro, the volume to capacity ratio for the entire intersection [16] is calculated by
where V c,i and s j denote the critical traffic volume and the saturation flow rate of a critical lane group for phase j, respectively. C denotes the cycle length, and t L is the sum of start-up lost time (L j ) and time lost at the end of green time for stopping vehicles of a lane group in phase j for N number of phases in one cycle length. The minimum to maximum range of cycle length, start-up lost time (L j ) from the sensor data analytics in Section II and critical demand volume (V c,j ) in phase j from Tables 1, 2 and 3 are manually VOLUME 6, 2018 entered into Synchro. X c is evaluated from (2) for every 10 secs of cycle length increment. X c should not be greater than 1 to avoid an overcapacity (X c > 1) condition [17] .
Synchro chooses optimal cycle length by considering the best possible combination of queue delay, total delay, performance index, stops per vehicle, and delay per vehicle. If Synchro does not find the reasonable values of cycle length to satisfy the overcapacity of an intersection, it chooses the cycle length with the lowest performance index [11] , [18] . In Synchro, the performance index is calculated as follows:
where D is the total delay (sec) and St denotes vehicle stops (vph). The total delay is the sum of the control delay and queue delay. The control delay is evaluated by subtracting the sum of queue delay and acceleration time with the deceleration time of vehicles. For queue delay, Synchro considers the impact of queues, starvation, spillback and blocking of short links. Synchro uses effective green signal time (g j ) for phase j, cycle length(C) and demand traffic volume (V c,j ) for phase j from sensor data to estimate the queue delay and control delay [11] . The calculation of vehicle stops in Synchro depends on the vehicles delay to cross the curb line due to the queue formed in red signal time. Synchro counts the number of stopped vehicles by considering the delay of vehicles above 10 secs [11] . From the optimized cycle length, the total effective green time is
Therefore, the effective green time for phase j is
From (2) and (5), Synchro calculates the optimal cycle length and green time. In addition, Synchro gives priority to splitting the cycle length based on the protected left-turn rather than the permitted left-turn factor. If the same lane group is used in two or more phases, the volume of that particular lane group divides into phases for calculating the volume to capacity ratio of a lane group. If lost time (t L ) per phase increases, X c also increases as seen in (2). Therefore, more cycle length and green time is used to satisfy the overcapacity (v i,j /c i,j > 1) of a lane group, where v i,j is the traffic volume per hour and c i,j is the capacity of ith lane group in phase j.
B. SYNCHRO OPTIMIZATION RESULTS AND DISCUSSION
After feeding the necessary data into Synchro [19] , [20] , the Synchro software is executed for every value of startup lost time from 1 to 15 secs. This varying start-up lost time value has been entered into Synchro as the all-red time while the yellow time has been set to 3 secs. The outputs of Synchro are extracted in text format. The results, related to the average congestion ratio (v/c) of all lane groups per direction in phase j and optimized green signal time for the increasing start-up lost time, are discussed as follows:
1) IMPACT OF START-UP LOST TIME ON CONGESTION RATIO
From 15:00 to 16:00, the average congestion ratio (v/c) increases per direction for the three major intersections by the increasing startup lost time as shown in Fig. 9 . Synchro optimization gives priority to the lane groups based on v/c ratio and critical traffic volume to calculate the optimal green time as given in (5). From 15:00 to 19:00 at three major intersections, the congestion ratio increases from 2% to 55% by the increasing start-up lost time from 1 to 15 secs.
2) IMPACT OF START-UP LOST TIME ON GREEN SIGNAL TIME
According to the regression analysis, the percentage of green time increases by the increasing start-up lost time for three major intersections each hour from 15:00 to 19:00 as shown in Fig. 10 . The percentage of green time increases from 6% to 42% for the Narinthon intersection, 4% to 27% for the Surasak intersection and 2% to 32% for the Withayu intersection by the increasing start-up lost time from 1 to 15 secs. For the Surasak intersection, the value of R 2 is 0.364, which is low when compared to the other two intersections because during Synchro optimization; the reasonable values of the cycle length between the minimum to maximum ranges are not found, therefore, the short cycle length is selected by Synchro with the lower performance index with some drop of capacity. Fig. 11 shows that the cycle length and green phase duration are varied for the increasing start-up lost time from 16:00 to 17:00 at the Surasak intersection. traffic queues await for a green light at the intersection and the scheduler represents the traffic signal light operations at that intersection. In M/M/1, the traffic arrival depends on the independent Poisson processes with exponential service times and D/D/1 is used for the case of traffic arrival at deterministic rate. These two cases are here used thus for representing the traffic scenarios with high and low degrees of randomness.
In [23] , a similar queuing model analysis has been reported but with only two buffers i.e., two conflicting flows at the considered intersection without considering the effect of lost time. This section is a generalization of the analysis in [23] . In Fig. 12 , λ c,p denotes the critical volume per hour among multiple lane groups in phase p, ω p is the split of a signal cycle allocated for phase p, µ c,p is the saturation flow rate of a critical lane group in phase p and T p is the mean waiting time of phase p. 
1) STEADY STATE ANALYSIS BY M/M/1
In M/M/1 model, the total mean waiting time is given as
where f MM1 (·) is the objective function to be minimized. Let T L be the total lost time in one signal cycle with cycle time C. The goal here is to find the optimal split ω p that minimizes the total mean waiting time T MM1 , subject to constraint:
where T L = Nt L when each of the totally N phases in a cycle suffers the lost time t L . In doing so, define L(·) as the Lagrangian and MM1 as the Lagrange multiplier:
At the optimality, the gradient of function L must be equated to zero:
The value of ω p from (10) is used in (7) to find the expression of Lagrange multiplier MM1 as
where ρ c,p = λ c,p /µ c,p and ρ = ∀p ρ c,p .
The value of MM1 from (11) is used in (10) to find the final optimal value of ω p in this M/M/1 case, here denoted as ω * p,MM1 :
In D/D/1 model, the total mean waiting time is given as
Similar steps to that used for M/M/1 can be employed to find the optimal split that minimizes the total mean waiting time in (13) subject to constraint (7). The final expressions for Lagrange multiplier DD1 and optimal split ω * p,DD1 in this D/D/1 case are given as follows:
The main assumption of the steady state analysis by M/M/1 and D/D/1 is that all the incoming flows are totally conflicting with each other, i.e., only one traffic queue is allowed to feed the waiting demand through the scheduler at a time. That is not necessary true in practice. For instance, the SBR (Southbound right) flow can pass through the intersection in two phases SBTR and SBNBR as shown in Fig. 2(b) . These partial conflicting flows cannot be used in resultant equations (12) and (15) . To obtain λ p for these partially conflicting flows, a flow division ratio α is introduced. The parameter α is used to divide the traffic volume of partial conflicting flows into two smaller traffic volumes, each of which would pass through the intersection in a separate permissible phase. For instance, at the Surasak intersection in Fig. 2(b) , let αλ 1 and (1 − α)λ 1 be the demand traffic volume of SBR permissible through the intersection in two phases SBTR and SBNBR, respectively, and let λ 2 and λ 3 be the demand traffic volume of SBT and NBR, respectively. In (16) , (17) and (18), the maximum values of ρ SBTR , ρ NBSBR and ρ EBWBT have been chosen among the ratio of the demand traffic volume per hour to the saturation flow rate of multiple lane groups in phase p.
The value of α is varied from 0 to 1 and the optimal α is numerically found for the lowest T MM1 and T DD1 , which is used finally as the optimal T MM1 and T DD1 . The same steps have been followed for other two intersections to evaluate ρ p for partial conflicting flows.
From (11) and (14), MM1 and DD1 are directly proportional to the 1/(1-T L /C-ρ) 2 and 1/(1-T L /C) 2 , respectively. And from (9), the Lagrange multipliers can be used to represent the sensitivity of objective function value with respect to the term (1-T L /C) or equivalent the total lost-time T L per signal cycle, i.e.
Therefore, the minimum total network delay T MM1 and T DD1 are inversely proportional to the square of the lost time terms (1-T L /C-ρ) and (1-T L /C), respectively. This is reasonable because, the higher proportion of lost-time in a signal cycle, the larger the resultant total network delay. That effect is amplified also by how close the overall traffic load approaches the intersection saturation capacity especially for the M/M/1 case with all traffic being modified with randomness, which can be seen by the term ρ added to T L /C here. From (12) and (15), despite of the reduction in optimal splits upon the increasing lost time per signal cycle, the resultant green time need not also decrease for the cycle time tends to increase faster than the split reduction rate. Based on the obtainable optimal split by M/M/1 and D/D/1 analysis, Fig. 13 depicts the resultant green time values in comparison with the green time outputs from Synchro at the three major intersections, with the signal cycle length C being set to the value found by Synchro. It can be observed for all dominant flows that, with the goal of minimizing the total delay, when the lost time increases, the green time allocated for dominant flows monotonically increases. This is not surprising for the effect of the total lost-time T L per signal cycle can be captured at the constrained equation (7) with lost time effect diminishing by the denominator term C or the signal cycle length. The effect of lost time can be reduced by using therefore a large cycle length. And this also explains the widely practiced preference of our on-site traffic police officers in trying to use a long cycle time to compensate for the lost-time effects.
IV. MICROSCOPIC TRAFFIC SIMULATION
The microscopic simulation SUMO [21] , [22] is used for analyzing the travel time with respect to the start-up lost time for every optimized cycle length and green time. A. SUMO SIMULATION SETTINGS SUMO (0.25.0) is calibrated using the actual traffic volume for every route from sensor data, number of buses, number of taxis, minimum gap between vehicles, maximum speed, lane storage, traffic light phase patterns and bus stops. The Sathorn area in the calibrated SUMO simulator is given in Fig. 14 . Intersections in the Sathorn area are connected with different numbers of lanes and edge lengths in the SUMO simulator. The edge near to the intersection in every direction is considered for evaluating the travel time as shown in Fig. 15 . In traffic engineering, the travel time of a vehicle at any signalized intersection is the sum of running time and traffic signal delay. In SUMO, the travel time is calculated by considering the time spent by each vehicle to cross the considered edge. In Fig. 16 , the computation of travel time per vehicle is illustrated. The speed of a vehicle varies due to the congestion and traffic signal delay at a signalized intersection. Three types of vehicles are used in this research study, cars, taxis and buses. The parameters used as an input of calibrated SUMO simulator are given in Table 5 . Therefore, the average travel time per vehicle is measured in SUMO.
B. SIMULATION RESULTS USING OPTIMAL GREEN TIME FROM SYNCHRO
The simulation results of three major intersections are given in Figs. 17(a)-(c) . The graphs depict the increasing percentage of average travel time with the increasing start-up lost time (sec). According to the linear regression analysis for three major intersections on Sathorn Road, the values of R 2 evaluated for the Withayu and Narinthon intersections are 0.683 and 0.814, respectively. On contrary, the value of R 2 for the Surasak intersection is 0.401 a low compared to the other two intersections. These results occur because the percentage of optimized green time for the Surasak intersection, as shown in Fig. 10(b) , varies by the increasing start-up lost time. Therefore, the travel time also varies according to the variation in green time. In Fig. 17 , the percentage of average travel time increases from 5% to 37% at the Narinthon intersection, 6% to 30% at the Surasak intersection and 4% to 36% at the Withayu intersection by the increasing start-up lost time from 1 to 15 secs. Therefore, from the traffic simulation outcomes, the travel time per vehicle is affected by the start-up lost time. The degradation in travel time depends on the traffic signal cycle length and congestion ratio. In Fig. 18 , the average travel time and cycle length linearly relate to the start-up lost time. In Table 6 (a), for 15:00 to 16:00 at Narinthon intersection, the percentage of average travel time increases from 0% to 62.02%, 0% to 56.32% and 0% to 27.35% for M/M/1, D/D/1 and Synchro, respectively, by the increasing start-up Table 6 show that the results obtained from theoretical analysis support the increasing trend of average travel time for Synchro by the increasing start-up lost time. 
V. CONCLUDING REMARKS
The impact of start-up lost time on Sathorn Road in Bangkok is investigated in this research. The Synchro optimization and calibrated microscopic SUMO simulator are used to calculate the travel time for every optimized value of traffic signal light by the increasing start-up lost time. The results are as follows:
(1) The traffic simulation results show that the travel times of major intersections on Sathorn Road increase from 4% to 37% by the increasing start-up lost time from 1 to 15 secs. Each travel time value is evaluated using the optimized values of cycle length and green signal time.
(2) The Synchro optimization result shows that the green signal time increases from 2% to 42% by the increasing startup lost time from 1 to 15 secs.
(3) The congestion ratio (v/c) increases from 2% to 55% by the increasing start-up lost from 1 to 15 secs.
The similar increasing trend is observed for optimal green time and travel time by the increasing start-up lost time using theoretical analysis based on M/M/1 and D/D/1 queues to support the results from Synchro.
A unique practice in Thailand is that motorcycles are allowed to ride on the lane dividers and therefore can move to the front of stop line during the time period of red light. In normal circumstances, a few motorcycles may not affect the start-up lost time. However, in a saturated condition, cycle times are conventionally lengthened. That could lead to longer red times per phase, and more motorcycles builtup at the front of the queues. This could possibly increase the start-up lost time, as motorcycles hinder the progress of the flow. Therefore, in future studies, the impact of red signal time on start-up lost time should be analyzed and the herein developed optimization and micro-simulation tools can be used as a foundation to find the optimal signal light, an efficient optimization model and a more accurate traffic simulation model.
